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Summary 

A novel megakaryocyte growth and development fac- 
tor (MGDF) has been identified in aplastic canine 
plasma, and its cDNAs have been cloned from canine, 
murine, and human sources. Purified canine MGDF 
isolated by procedures involving Mpl receptor affinity 
chromatography exists In at least two forms, with ap- 
parent molecular masses of 25 kDa and 31 kDa, that 
share the N-terminal amino acid sequence APP- 
ACDPRLLNKMLRDSHVLH. Human, dog, and mouse 
cDNAs for MGDF are highly conserved and encode 
open reading frames for proteins of 353, 352, and 356 
amino acids, respectively, including predicted signal 
peptides. Canine MGDF and recombinant human MGDF 
support the development of megakaryocytes from hu- 
man CD34 + progenitor cell populations in liquid cul- 
ture and promote the survival of a factor-dependent 
murine cell line (32D) engineered to express Mpl. 
These biological activities are blocked by the soluble 
extracellular domain of Mpl. These data demonstrate 
that MGDF Is a novel cytokine that regulates megakary- 
ocyte development and is a ligand for the MPI receptor. 



Introduction 

Megakaryopoiesis and platelet production are vita! to 
mechanisms of homeostasis, including storage and re- 
lease of cytokines, wound healing, and blood coagulation. 
The failure of an organism to maintain adequate megakar- 
yocyte numbers leads to thrombocytopenia and conse- 
quent bleeding disorders that can, in the extreme, r suit 
in death. The humoral factors that physiologically regulate 
megakaryocyt and platelet d velopment ar as y t un- 
known. Although s veral cytokines hav influences on 
megakaryocyte development, including interleukin-1 (IL-1) 
(Schmidt, 1984; March et al., 1985), IL-3 (Yang et al., 
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1986; Ikebuchietal., 1987), IL-6(Hiranoetal. ( 1985, 1986; 
Ishibashietal., 1989), IL-1 1 (Paul etal., 1990;Teramuraet 
al., 1992), leukemia inhibitory factor (Metcalf et al., 1991), 
granulocyte-macrophage colony-stimulating factor (Wong 
et al., 1985), erythropoietin (Miyake et al., 1977; Jacobs 
et al., 1985), and stem cell factor (Hendrie et al., 1991), 
megakaryopoiesis does not appear to be their primary 
function. Additional activities implicated in megakaryo- 
poiesis include megakaryocyte-potentiating factor (Y ama- 
guchi et al., 1994), megakaryocyte stimulatory factor 
(Tayrien and Rosenberg, 1987; Greenberg et al., 1987), 
megakaryocyte colony-stimulating factor (Ogata et al M 
1990; Erickson-Miller et al., 1992, 1993), thrombopoiesis- 
stimulating factor (McDonald et al., 1975), and thrombo- 
poietin (Hill and Levin, 1986; Hill et al., 1992). Sources for 
these activities have included the urine, serum, or plasma 
from aplastic and/or thrombocytopenic humans (McDon- 
ald, 1975; Ogata et al., 1990), rats (Odell et al., 1961), 
rabbits (Evatt et al., 1974; Hill et al., 1992), and dogs (Ma- 
zur and South, 1985). However, the low initial concentra- 
tions of these activities, as well as the complexity of these 
sources, have prevented the unambiguous identification 
of a lineage-specific cytokine(s) for megakaryocytes or 
platelets. 

Studies of the cytokine receptor Mpl have suggested 
that this protein has a role in megakaryopoiesis. A portion 
of the gene for this receptor was originally identified in the 
myeloproliferative leukemia virus as the oncogene v-mp/ 
(Souyri et al., 1990). Myeloproliferative leukemia virus 
causes a broad spectrum of mammalian leukemias, in- 
cluding erythroid, granulocytic, monocytic, megakaryo- 
cyte, and mast cell leukemias (Wendling et al., 1986, 
1989). Subsequent cloning of c-mp/ (Vignon et al., 1992; 
Skoda et al., 1993) confirmed its identity as a member of 
the hematopoietin receptor superfamily (Bazan, 1990), a 
family characterized by a common structural design of the 
extracellular domain, including four conserved C residues 
in the N-terminal portion and a WSXWS motif close to 
the transmembrane region. Evidence that c-mp/ plays a 
functional role in hematopoiesis includes observations 
that its expression is restricted to spleen, bone marrow, 
or fetal liver in mice (Souyri et al. , 1 990) and to megakaryo- 
cytes, platelets, and CD34 + cells in humans (Methia et al., 
1993). Furthermore, exposure of CD34+ cells to synthetic 
oligodeoxynucleotides antisense to mpl mRNA signifi- 
cantly inhibits the appearance of megakaryocyte colonies 
without affecting erythroid or myeloid colony formation 
(Methia et al., 1 993). These observations suggest that Mpl 
is a cell surface receptor for a cytokine that regulates mega- 
karyopoi sis. 

This r port describes a megakaryocyte growth and de- 
velopment factor (MGDF) pres nt in aplastic canine 
plasma, its N-terminal amino acid s qu nc , the isolation 
of cDNA clones from dog and mouse, and human cDNA 
clones that express MGDF activity. MGDF binds to Mpl 
affinity columns, and its biological effects ar inhibit d by 
the soluble extracellular domain of Mpl (Mpl-X). These 
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Figure 1 . Aplastic, but Not Normal, Canine 
Plasma Induces the Growth and Development 
of Human Megakaryocytes from CD34* Cells 
CD34-selected cells (3000 cells/well) were 
plated in the presence of 10% normal canine 
plasma (A) or 10% aplastic canine plasma 
(APK9) (8). After 8 days in culture, the cells 
were fixed and stained for megakaryocytes in 
situ. Megakaryocytes are identified by the blue 
color reaction. 
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data indicate that MGDF plays an important role in normal 
megakaryocyte biology and is a ligand for the cytokine 
receptor Mpl. 

Results and Discussion 

The Megakaryocyte Growth and Development 
Activity within Aplastic Canine Plasma Interacts 
with Mpl 

The in vitro growth and development of human megakary- 
ocytes from CD34 + peripheral blood cells is promoted by 
aplastic canine plasma (APK9) (Nichoi et al M submitted). 
APK9 is maximally active when collected 10-14 days after 
myeloablative irradiation, at which time the platelet count 
is 1%-6% of normal (data not shown). Figure 1 displays 
CD34+ cells incubated for 8 days in 10% normal can in 
plasma (Figure 1A) or in 10% APK9 (Figure 1B). While 
th c lis cultur d in normal plasma fail to thriv , cells cul- 
tur din APK9 develop almost xclusiv ly into megakaryo- 
cytes. This ff ctofAPK9,alsoobs rved in human marrow 



(Mazur and South, 1985) or "peripheral blood leukocytes 
(Mazur et al M 1990), cannot be duplicated with IL-3, IL-6, 
IL-11, granulocyte-macrophage colony-stimulating fac- 
tor, leukemia inhibitory factor, stem cell factor, or erythro- 
poietin and is attributed to another (presently unknown) 
factor(s) (Mazur and South, 1985; Mazur et al., 1990; Ni- 
choi et al., submitted). We examined whether this factor(s) 
was a protein(s) that interacts with Mpi. When the extracel- 
lular portion of the murine receptor (Mpl-X) was added to 
cultures of APK9-stimulated CD34 + cells, megakaryocyte 
development was completely inhibited. Inhibition was 
dose-dependent and complete at 5 ug/ml (Figure 2). in 
contrast, Mpl-X at 1 0 ug/ml had no inhibitory ffect on IL-3- 
or granulocyte-macrophage colony-stimulating factor- 
induced cell growth or on erythropoietin plus IL-3-induc d 
erythroid development (data not shown). Thes data, lik 
those of Methia et al. (1993), imply that Mpl is involved in 
m gakaryocyt but not myeloid or rythroid development 
and that MGDF functions through an interaction with this 
receptor. Further vidence that APK9 contains proteins 
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Figure 2. The Megakaryocyte Growth and Development Activity 
within APK9 Is Inhibited with Mpl-X 

CD34-selected celts (3000 cells/well) were Incubated in 5% APK9 and 
increasing concentrations of MpWC. After 8 days in culture, the cells 
were fixed and stained for megakaryocytes in situ. The megakaryocytes 
were enumerated from each of triplicate wells. Data are presented as 
the mean number of megakaryocytes per well ± SEM. 



that interact with Mpl was provided by experiments using 
a factor-dependent (IL-3) cell line engineered to express 
murine Mpl (32D/Mpr). APK9, but not normal canine 
plasma, supported the survival and growth of this cell line. 
This activity, not attributable to IL-3, was blocked by Mpl-X 
in a dose-dependent manner (data not shown). On the 
basis of these observations, we designed a purification 
scheme, centered on an Mpl-X receptor affinity column, 
to isolate MGDF from APK9. 

N-Termlnal Sequence of Purified Canine MGDF 

Canine MGDF was purified approximately 10 7 -fold from 
APK9 by a purification scheme based upon Mpl-X affinity 
chromatography in conjunction with wheat germ aggluti- 
nin, ion exchange, gel filtration, and reverse-phase high 
pressure liquid chromatography. Details of the purification 
will be presented elsewhere. Two species of purified 
MGDF were observed, with apparent molecular masses 
of 25 kDa and 31 kDa. Figure 3 clearly demonstrates that 
the biological activity observed coincides with these two 
isolated proteins, as determined by comigration on an 
SDS-polyacrylamide gel; Both protein species generated 
mature megakaryocytes in liquid culture, supported the 
survival of 32D/Mpr cells (but not the parental 32D cells), 
and were equivalent^ inhibited with Mpl-X. These results 
demonstrate that MGDF is the protein that promotes sur- 
vival of 32D/Mpr cells and is a ligand for Mpl. 

N-terminal sequence analysis of the purified 25 kDa and 
31 kDa proteins yielded the same amino acid sequence, 
APPAQQDPRLLNKM LRDSH VLH . A computer-based ho- 
mology search (Devereux et al., 1984) sh wed that this 
sequence was novel. 

a ning f cDNA Coding f r MGDF and Sequ nee 
Comparison f Human, Canln , 
and Murine Spec! 8 

Degenerate oligonucleotides, based on the amino acid 
sequence obtained from th N-t rminus of purified canin 
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Figure 3. Purified Canine MGDF Was Separated by SDS-Polyacry»- 
amide Gel Electrophoresis 

One lane of the gel was silver stained, and the adjacent lane was 
sliced into 1 mm sections. The gel pieces were extracted overnight 
with phosphate-buffered saline with 5 mM CHAPS. The diafiltered 
supernatants were assayed for activity on 32D/Mpl* cells (closed cir- 
cles) and on CD34+ cells (open circles). 



MGDF, were designed for polymerase chain reaction 
(PCR) amplification of specific DN A segments from canine 
kidney cDNA. A DNA fragment was isolated that encoded 
the expected canine N-terminal sequence. This PCR prod- 
uct was used as a probe to screen a human fetal liver cDN A 
library in a cytomegalovirus promoter-based mammalian 
expression vector. A full-length cDNA clone containing a 
1.35 kb insert was isolated and further analyzed (Figure 
4). This cDNA clone encoded an open reading frame of 
353 amino acids that had a region of high homology to 
the N-terminal sequence of canine MGDF. Sequences for 
canine and murine MGDF were obtained by PCR amplifi- 
cation of cDNA from adult kidney or liver RNA, respec- 
tively. 

The deduced amino acid sequences of human, canine, 
and murine MGDF were compared (Figure 5). The proteins 
of all three species are highly homologous, exhibiting 
69.1 %-76.5% identity (77.6%-83.0% similarity). Th N-ter- 
minal two thirds of MGDF is more highly cons rved than 
the r mainder of the molecul . A search of computer data 
bases (Devereux et al., 1984) show d that MGDF is most 
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?IELTELLLmiLLLTARLTLSSPAPPACDilRfll^KI^SmHSRLSQCPi?^PL[iTPV 
IELTELLLmiLLLTARl;2^APPACDPRLIATtlLRDSHVLHSRLSQCPDffiPLSTPV 
jr-IELTiiLLLEa'tj^LTLSSPEPACDPRIJmLLRDSHgLHSRLSQCPD^PLSgjPV 



llpavdfslgdjktolejjtkaqdi lgavti lllegvi'laargqlgpucls s llgqlsgqvr] 
llpavdfswdkt&JeqtkaqdEgav5lld7gv3aargqlgpsclssllgqlsgqvr] 

LLPAVDFSLGP^TQttE^QDIIXavgLLLEGVIIAARGQLtgPSCLSSLLGOLSGQVRI 



LLGALg§LLGTQLPPQGRTTAHKDPtJAIFLSF&lLLRGKVRFLlLVSGSTLC VRfi!3i PT^ 
LWAI^GLLGTQLPPQGRni^PlMFLSFQQLIJlGKVRFLLLVjGPTLCSE^PTl 
IXGALQGLLGTQLPijQGRTTAHKDPJ^FLS!?QQLLRGKVBFLLLV[JGPTLCVRP4gPT'j 



WPSjjTSI^LTU^LPIffiTSGIJ^TtffffiSARTTGSGLU^QGFRAKlBPGLLlJQTSRS 
^VP^TS^LTyiKLPlffiTSGXJ£TJ,^S^ARTTGSGLLKRLQGFRAKInPGLLKQTSRS 
iVVPSSTSfflLTUnfiPiraTSC3JLETNrsB^Tg^ 
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29 A$pL*uArgVj lL*u5erLvsL*fuL*uAigAspS*iHisV«lL«uHisSf rAigL-u^rt' 4" 

uo cAcrccccA«:AormAirt7irrTTc<:cTACAccTCTO 2i<* 

49 ClnCysPtoCluVjlHtsPt..l--ruPi..iTh l pt.>VdlL*uL«uPtoAlaVjUspPl>-^-t *>* 

2 40 TTGCCAGAATO< JAAAAOTCA' ;ATi j:Ai^CACX.*AAaX , ACACCAi7ATn7T> ^7A« :VZ l'*H 

f>9 LeuClyCluTt pLysThiiilnM-tClutJluThi LvsAldClnAspI UL^uGlyA UVj 1 «fl 

300 ACCCTTeTO7TXX^iXi;AUT*:;ATaX-AC^^ 

89 Tht'L*uL*uL'ruClur.lyValM*tAldAlAAt'gCly<;inL*tiClyPi'>TtHCysL^S-t 10* 

3ti0 TCCCTCCTCCC<7:A<^TTn:TOCACA0i:^ 41** 

109 See LeuLeoG 1 yC 1 n LeuS-: i C I yC 1 nVj 1 A i g LeuL*u L-iiiC 1 y A I j l,*u<; 1 tiS- i L*u 12* 

4 20 CTTCCAACCc:ArCTTCCTi;<7 ACAO ^XA';i^Ci7ACAtXT<7 A':AAO;ATC<:«7AATt;i 7CAT7 4 7 <* 

129 LeuClyTlu<:ttiL^uPi<.pt-.i;liv;lyAtgT(uTtnAljHisLysA3pPrMAsnAI jE 1- U* 

480 TTCCTCAiXTT07AACA07Ti;CT'XCACaAAACCTO^ *i 1<* 

149 Ph«L*uS*tPh^:liiHi5L^uL^uAi<g01yl-ysVjtAigPh«L.tuMrC.L<?uVj:tjiy!^y 

540 TCCACCCTCTG*7X;TCA0^7<XC»7tXXACCCACCACACCTCTCCCCA'XAi r i<»9 

169 SerTh iLeuCysV.il A tgAigAl jPioPt oThrThtAl JVjlPro5*t At gThi i^iUu 1 >i» 

600 CTCCTCACACTCAAO;AiX"TC07AA*CACGACTI^ *iS9 

1B9 ValLeuTh i LguAsnO! uP t :jAai>At ■qThrSatOlvLauLwuC luThrA.^.P.^Tht 20W 

660 GCCTCACCCACMCTACTi^CTCTG'X^ 7 19 

209 AlaSetAUAtgThiThiClyS^i'nyL^uL^uLysTtiJ'JluCln'lIyPh-AigAl.dLys 2 2n 

720 ATTCCTCCTi."r'"/':T< J ;AA(.i:AAA<7'.Ti:i:A07ri.'i:i.Ti.S JAO.'AAATO ,'<;o 14 ;ATAO:?<;AAi/ 779 

229 1 1 ePioC 1 yLrtiL-ruisiHJ I iiTtu'J-vA iqC-? L'L<?uAs|:-<J Inl yTyf--? JAsn 24H 

780 ACC AT AC AO J AACTCTTt iAA T< ".i j AA' 7TCOTOCAtTCTTTC''7T<*UA O .XTC A i."(J .' A s ji ; AO ', >i V* 

2 49 AtgIleHis<;luL^viL-ruisii<;lyTlu ALgGlyL^uF'lwPt .:-;lyPi...-^t Ai ^jA: gT»ii 2 tin 

640 CTACtMCCCCcaiACATTTCCTCA^ «S9 

269 LeuClyAlaPi-oAspI l*:Jet -S«tt: lyThrS*i AspThtCly^^t L-iuPt oPt.jAsi'.L-rti 2>tx 

900 *7AGCCTO:^TAmT'7LTT'7C07AAt;cCAT^^ 9*39 

289 CltiPtt^lyTyiSriPi.^viPiv.ThiHisPioPLoTUtClyOlnTytThrL^uPii-rPi-. 10« 

960 CTTCCACccACLTT*;eLTALXceTOT^ ;ao \ tt-t i o i <* 

109 L*uProPtoThrL*uPt..ThiPi.>VjlVjlGlnL*uHisPi>.'L*uL^uPi..As|ipi..;-ri 12* 

1020 octccaacco:cac^xctac«:acix^^7TTCTAAACAi7AT»xt-a«7ai.>:i;ai to. va-jaat 1079 

)29 AlaPioThi PtoTtu Ti'oTlu'^t'Pi'oL^u^uAjuiThi'SerTy tThi'Hi slVi< : l:\isil 

1080 CTCTCTXT ACCAACCCT AAGCTT<7T" 7 ACA C ACTGCCGAC A Ti 7A i J<7 ATTUT< 7 TO 3T* ; T A t7 Ai J 1 1 19 

3 49 L«uS«ii;inClui;iyEn..l 1M 

1140 CTCCCTTCOrTCCArxCCCX'CCeTCWCAOACAA'^^ 1 199 

1200 AAACCC AAA OCOCTO<TT AAAA CCGAT AO AC ACG ACTCAAAACCC AA1Y7 A TTTTT'7 A* 7T< TT I2<i9 

1 260 ACA TTAT AAAO TTTt 7 A i J AAOTT ATTTTTTT AACCT ATC ACC AAT Ai 7T" 7 ATt7 At "".A ' ; i 'A< :< T 1 U 9 

1320 ACfrrCTTTCCTCTATTTTtTTOC ( A I n 1142 

Rgure 4. Nucleotide Sequence of a cDNA Coding for Human MGDF 
and Deduced Amino Acid Sequence 

The amino acid sequence of an open reading frame of 353 residues 
starting at position 32 and ending at position 1098 is shown. A pre- 
dicted signal peptide of 21 amino acids is underlined (von Heijne, 

1986). Potential N-1 inked glycolsylation sites at Asn-197, Asn-206, Asn- 
234, Asn-255, Asn-340, and Asn-348 are underlined. 



closely related to erythropoietin (25% identity). Homology 
is confined to the N-terminus (amino acids 1-172). The 
fact that the C-terminus of MGDF is less conserved may 
hav functional implications. 

The 25 kDa and 31 kDa forms of MGDF, purified from 
APK9, are smaller than the predicted unglycosylated 35 
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Figure 5. Alignment of Deduced Amino Acid Sequences from Human, 
Canine, and Murine cDNAs Coding for MGDF 
Identical amino acids present in at least two species are in white on 
black background. The four conserved cysteines found in all species 
are highlighted. 



kDa primary translation product. Since these forms share 
the same N-terminus, they may be the products of proteo- 
lytic processing at the C-terminus. This interpretation is 
consistent with the fact that the C-terminus is less con- 
served between species and that expression of a trun- 
cated human cDNA, encoding amino acids 1-195, yields 
a biologically active protein (see below). 



Biological Characterization of Recombinant 
Human MGDF 

Human MGDF cDNA in the vector pBCB was transfected 
into 293 EBNA cells in order to express recombinant hu- 
man MGDF (rhMGDF). Conditioned medium was col- 
lected at 72 hr posttransfection. Biological activity of 
rhMGDF was detected in the same bioassays originally 
used to detect natural canine MGDF. 32D cells expressing 
either murine or human c-mpl survived without IL-3 when 
grown in conditioned medium from cells transfected with 
the human MGDF clone (Table 1). Untransfected 293 
EBNA cells did not produce this activity. The parental 32D 



Table 1. Biological Activity of rhMGDF 



MGDF cDNA Transfected 


Mpl-X Added 


Activity on 32D Cells (U/ml) 
32D 32D/mu-mp/ 


32D/hu-f7Tp/ 


Full length (1-353 amino acids) 




0 


25,600 


51.200 




+ 




1,600 


1,600 


Truncated (1-195 amino acids) 




0 


25.600 


25,600 




+ 




1,600 


3.200 



Conditioned media from 293 EBNA cells transfected with cDNA coding for rhMGDF were added to 32D cells, expressing either murine (mu) or 
human (hu) mpt. Species-specific inhibition was demonstrated by the addition of the corresponding Mpl-X to 10 jig/ml. 
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Table 2. rhMGDF Induces the Generation of Human Megakaryoctes 
Megakaryoctes per Welt 



Factor Source Without Mpl-X With Mpl-X 



APK9 


100 ± 3 


0 


HuAA 


101 ± 18 


0 


rhMGDF (1-363 amino acids) 


142 ± 48 


17 ± 2 


rhMGDF (1-195 amino acids) 


100 ± 3 


6 ± 2 


Vector control 


0 


0 



Conditioned media from 293 EBNA cells transfected with cDNA coding 
for rhMGDF were added to CD34* cells plated as described in the 
legend to Figure 2. Conditioned medium was used at 20% final volume. 
APK9 plasma and human aplastic anemia (HuAA) patient sera were 
used at 6% and 1 0% final volume, respectively. Mpl-X was added to 
a final concentration of 30 ng/ml. 



cells that did not express the c-mpl did not survive in the 
absence of IL-3 either with or without conditioned medium 
from rhMGDF-transfected 293 EBNA cells. The activity of 
rhMGDF was inhibited by murine or human Mpl-X, corrob- 
orating the original observations on natural canine MGDF 
and confirming the role of Mpl in the action of MGDF. 
Similar results were obtained with a human MGDF cDNA 
artificially truncated after Leu-195. 

Conditioned medium containing either the full-length or 
truncated form of rhMGDF also induced megakaryocyte 
development from human CD34 + cells. Megakaryocyte 
development was comparable to that achieved with either 
APK9 or human aplastic anemia patient sera (courtesy of 
Dr. R. Paquette, University of California, Los Angeles). In 
all cases, megakaryocyte development was substantially 
inhibited with Mpl-X at 30 ng/mt (Table 2). In other experi- 
ments (data not shown), inhibition was complete with 100 
ng/ml Mpl-X. The kinetics of appearance of megakaryo- 
cytes was similar to that observed with APK9 (data not 
shown). Cell populations induced by rhMGDF were pre- 
dominantly megakaryocyte (Figure 6). After 8 days of cul- 
ture in the presence of either the full-length form or the 
truncated form of rhMGDF, 37% or 41% of the respective 
populations were mature megakaryocytes displaying 
platelet glycoproteins. The remainder of the cells were 
unidentified blast-like cells, macrophages, or small mono- 
nuclear cells. Populations of megakaryocytes present in 
these cultures were phenotypically normal, exhibiting the 
four maturation stages characteristic of this lineage. 

These observations confirm that cDNAs encoding 
rhMGDF express biologically active protein analogous to 
that isolated from canine aplastic plasma and show that 
MGDF exhibits the biological properties of a ligand for 
Mpl. MGDF is necessary and sufficient to induce in vitro 
megakaryocyte development in the presence of normal 
human plasma and therefore is likely to play an essential 
role in the regulation of this cell lineage. Further character- 
ization of MGDF will provide insights into megakaryocyte 
biology and could lead to important th rapeutic applica- 
tions for the treatment of thrombocytopenia associated 
with various clinical settings such as bone marrow trans- 
plantation, irradiation, and chemotherapy of cancer. 
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Figure 6. rhMGDF Induces the Growth and Development of Human 
Megakaryocytes from CD34* Cells 

CD34-selected cells were cultured in 5% conditioned media from 
EBNA 293 cells transfected with full-length MGDF cDNA (A) or trun- 
cated MGDF cDNA (amino acids 1-195) (B). After 8 days in culture, 
the cells were harvested, cytocentrtfuged. stained, and photographed 
as described in Experimental Procedures. Scale bar, 10 jim. 



Experimental Procedures 

Assays for Human Megakaryocyte Progenitors 
Normal heparinized platelet-poor AB plasma was obtained from 
healthy adult volunteers with informed consent. Leukapheresis units 
were purchased from Hemacare (Sherman Oaks, CA). Oonors pro- 
vided informed consent and were from a pool of repeat donors commit- 
ted to the program. Heparinized plasma from aplastic dogs was pro- 
duced as described by Mazur and South (1985). except that 450 rads 
of total body irradiation were delivered to each animal. Plasma was 
stored frozen until use. 

CD34-selected cells from human leukapheresis units were tested 
for megakaryocyte-generating potential in a liquid culture assay as 
described elsewhere (Nichol et al., submitted). In brief, cells from leu- 
kapheresis units were enriched for megakaryocyte progenitors by elu- 
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triation and immunomagnetic CD34 selection (Miltenyi Biotec, Sun- 
nyvale, CA). CD34* cells were plated at 3000 cells (15 nl final volume) 
in the indicated concentration of growth factor in wells of Terasaki-style 
microtiter plates (Vanguard, Incorporated, Neptune, NJ). Medium was 
Iscove's modified Dulbecco's medium (GIB CO, Grand Island, NY), sup- 
plemented as described elsewhere (Nichol et at., submitted), including 
10% normal, heparintzed, and platelet-poor human AB plasma. Cells 
were incubated at 37°C for 6 days in humidified boxes in 5% CO} In 
air, fixed directly to the culture wells with 1% glutaraldehyde, and 
incubated with a monoclonal antibody cocktail (anti-GPIb and anti- 
GPIIb; BioDesign, Kennebunkport, ME) and anti-GPIb (Dako, Carpin- 
teria, CA). The immune reaction was developed with a streptavidin- 
p-galactosidase detection system (HistoMark, Kirkegaard & Perry 
Laboratories, Gaithersburg, MD). Megakaryocytes, identified by the 
blue color, were enumerated with an inverted phase microscope at 
1 00 x magnification (Olympus, McBain Instruments, Chatsworth, CA). 
Results are presented as mean ± SEM. 

For photography, cells were cultured at 3 x 1 CP/ml (150 ul total 
volume) in flat-bottomed 96-well culture plates (Falcon 3072, Becton 
Dickinson, Oxnard, CA) for 8 days, cytocentrifuged onto glass slides 
(Cytospin, Shandon, Pittsburgh, PA), and stained by a modified 
Wright-Giemsa method in an Aerospray slide stainer (Wescor, Logan, 
UT). Slides were photographed with the Microphot-FXA microphotog- 
raphy system (Nikon, Melville, NY). Color video prints (Sony, San Jose, 
CA) of culture wells were obtained through an inverted microscope- 
mounted camera (Optronics LX-450, McBain Instruments, Chats- 
worth, CA). 

Generation of Antl-Peptlde Antibodies 

A synthetic peptide (CGPTYQGPWSAWSPPARV) corresponding to 
amino acids 119-135 of v-MpI (Souyri et al., 1990) was coupled to 
keyhole limpet hemocyanin and used to immunize rabbits (Berkeley 
Antibody Company, Richmond, CA). Antisera from these rabbits were 
affinity purified using an immobilized peptide (Affi-Gel 10, Bto-Rad, 
Richmond, CA). 

Production of Mpl-X 

The 3' end of a cDNA clone coding for the murine form of c-mp/ (Skoda 
et al., 1993) was deleted at nucleotide 1425 by digestion with Dsal, 
and synthetic oligonucleotides corresponding to the sequence (5'- 
CACGGGCTCCGAGACTGCTTGAGTCGACA-3') were inserted. This 
procedure leads to replacement of Trp-483 with a stop codon (TGA). 
Proteins produced from this truncated done represent the extracellular 
domain of murine Mpl (minus Trp-483). This DNA was inserted into the 
mammalian expression vector pDSR-a-2. CHO cells were transfected 
with this construct, selected, and amplified as previously described 
(DeCterck et al., 1991). The recombinant extracellular domain of mu- 
rine Mpl (Mpl-X) was purified from CHO cell culture supernatants by 
a combination of ion exchange and hydroxylapatite chromatography. 
Human Mpl-X was produced and purified by identical procedures. 

Mpl-Transfected, Factor-Dependent Cell (32D/Mpl + ) Assay 

The full-length murine Mpl receptor sequence (Skoda et al., 1993) 
was subdoned into an expression vector containing a transcriptional 
promoter derived from the long terminal repeat of Moloney murine 
sarcoma virus. This contruct (5 ng) and the selectable marker plasmid 
pWLNeo (Stratagene) (1 ng) were coelectroporated into 4 x 10* IL-3- 
dependent 32D (clone 23) cells (Greenberger, 1 983) in a 0.4 cm cuvette 
at 0.175 kV (1000 nF and 72 ohms). Cells were cultured for 5 days, 
divided into pools of 2 x 1 0 s cells, and incubated in selective medium 
containing 800 tig/ml Geneticin (G418, Sigma, St. Louis, MO) and 1 
ng/mt murine IL-3. Pools were tested for surface expression of Mpl 
receptor by FACS analysis using affinity-purified polyclonal rabbit anti- 
peptide sera, and celts expressing high levels of Mpl (32D/MpP) were 
subsequently enriched by FACS using the same anti-peptide sera. 
Single-cell clones were further selected by growth in 10% aplastic 
canine plasma and Geneticin. After selection in aplastic canine plasma 
for 35 days, the cells were maintained in 1 ng/ml murine IL-3. 32D cells 
expressing human c-mp/ were generated by infection with replication 
defective retroviral vector encoding full-length human c-mp/ followed 
by FACS and growth selection in APK9 (Vignon et al., 1992; Landau 
and Littman, 1992). For the MGDF assay, 32D/Mpr cells were washed 
free of culture IL-3 and replated (1000 ceils; 15 \i\ total volume per 



well) in Terasaki-style microtiter plates (Vanguard, Neptune, NJ) in 
a-MEM (GIBCO, Grand Island, NY) supplemented with 10% fetal calf 
serum, Geneticin (800 ng/ml), and 1% penicillin/streptomycin (GIBCO, 
Grand Island. NY) in 1:1 serial dilutions of test samples. After 48 hr, 
the number of viable cells per well was determined microscopically. 
The amount of activity that resulted in 200 viable cells per well from 
an initial inoculum of 1000 cells per welt was defined as 1 U of activity. 
Activity was attributed to MGDF only if it could be completely inhibited 
with 5-10 jig/ml Mpl-X. MGDF activity in APK9 averaged 4400 ± 539 
U/ml. Recombinant murine IL-3 contained 1 .6 x 10 9 U/mg when tested 
in the same assay. However, IL-3 was not inhibited with Mpl-X. 

Gel Electrophoresis and Recovery of Purified MGDF 

Electrophoresis was performed according to the method of Laemmli 
(1970), with the exception that reducing agent was omitted from the 
sample buffer. Precast gels were used (Novex, Endnitas, CA). Upon 
electrophoresis, the gel was sliced (1 mm) and the slices were diced 
with razor blades. The pieces were transferred to 1 .5 ml mterofuge 
tubes containing 0.5 ml phosphate-buffered saline, 5 mM CHAPS and 
gently agitated overnight at 4°C. The tubes were spun briefly, an ali- 
quot was removed, and the sample was diafiltered for bioassay against 
Iscove's medium supplemented with 3 mg/ml BSA as a carrier protein. 

N-Termlnal Sequence Analysis of MGDF 

Amino acid sequence determination was performed with a Model 473 
protein sequencer (Applied Biosystems, Foster City, CA) equipped 
with a miniaturized sample cartridge and online phenylthiohydantoinyl 
amino acid analysis. Purified protein samples were loaded directly 
onto a glass fiber disc precycled with polybrene and NaCI. The phenyl- 
thiohydantoinyl amino acid analysis was performed with a microliquid 
chromatographic system (Model 120, Applied Biosystems, Foster City, 
CA) using dual syringe pumps and C18 narrow bore columns (2.1 x 
250 mm, Applied Biosystems, Foster City, CA) using optimized elution 
conditions as recommended by the manufacturer. Data were collected 
and reprocessed using software (Model 610) from Applied Biosystems. 

Cloning of Canine and Murine MGDF N-Termlnal cDNAs 

Degenerate oligonucleotide primers were designed based on the ca- 
nine MGDF N-terminal amino add sequence and used as primers In 
PCRs to amplify MGDF-encoding cDNA sequences. Total RNA was 
prepared from canine kidney samples by the guanidinium tsothiocya- 
nate method of Chomczynski and Sacchi (1987). First-strand cDNA 
was prepared with a random primer-adapter (5'-GGCCGGATAGGC- 
CACTCNNNNNNT-3*) using Moloney murine sarcoma virus reverse 
transcriptase and was used as template in subsequent PCRs. 

PCR was performed on 0.5 ul (about 50 ng) of the cDNA, using 
primer A (5'-GCNCCNCCNGCNTGYGA-30. a sense-strand primer en- 
coding amino acids 1-6 (APPACD), and either primer B (5'- 
GCARTG NAG NACRTG NG ARTW) or primer C (5'-GCARTGYAA- 
NACRTGNGARTW), which are an ti sense-strand primers encoding 
amino acids 16-21 (DSHVLH) with three extra nudeotides at the 5' 
termini to increase annealing stability. PCR with Taq polymerase was 
performed for 35-45 cycles, until product bands were apparent on 
agarose gel electrophoretic analysis. For the first two cydes of PCR, 
the reanneating step was performed at 37°C for 2 min; for the remain- 
der of the cydes, reannealing was at 50°C for 1 min. Multiple produd 
bands were observed in each reaction. Portions of the gel containing 
bands of approximately the expected size (66 bp) were reamplified 
with the same primer pair. The DNA products were doned into vector 
pCR II (Invitrogen, San Diego, CA) according to the instructions of 
the manufacturer. Three dones were sequenced and were found to 
encode, in one reading frame, the expected canine MGDF sequence, 
residues 1 -21 . In this way, unique canine MGDF cDNA sequence was 
obtained spanning the region from the third nudeotide of codon 6 
through the third nudeotide of codon 15. One of these dones served 
as template for preparation of a labeled canine MGDF cDNA probe. 

Unique sequencing primers were designed based on this sequence 
and used with the adapter portion of the random primer in 3* rapid 
amplification of cDNA ends (RACE) to generate dones, some of which 
extended the open reading frame from the canine kidney cDNA de- 
scribed above. Random-primed adult murine liver cDNA from mouse 
strains C57BL and DBA was amplified with pairs of primers based on 



Megakaryocyte Growth and Development Factor 
1123 



the canine sequence and 3' RACE was performed, as described for 
the cloning of canine cONA. 

Isolation of cONA Coding for MGDF 

RNA was isolated from human fetal liver (International Institute for the 
Advancement of Medicine) by lysis of tissue in 5.5 M guanidinium 
thiocyanate and purification via CsTFA (Pharmacia) centrifugation. 
Polyadenylated RNA was selected using oligo(dT)25 Dynabeads (Dy- 
nal, Skoyen, Norway) according to the instructions of the manufac- 
turer. Double-stranded cDNA was produced from this RNA using the 
Superscript plasmid system for cDNA synthesis (Ufe Technologies, 
Gaithersburg, MD), except that a different linker-adapter (oligo 1. 
5-TTGGTGTGCACTTGT-3'; oligo 2. 5'-CACAAGTGCACCAACCC03) 
was used. After size selection, this cDNA was directionatly inserted 
into the BstXI and NotI sites of the mammalian expression vector 
pBCB, which is derived from the plasmid Rc/CMV (Invitrogen, San 
Diego, CA), comprising the pUC19 backbone, cytomegalovirus pro- 
moter, and BGH polyadenytation site and a modified multiple cloning 
site. The ligated DNA was electroporated into electrocompetent bacte- 
rial strain DH 10B (Ufe Technologies, Gaithersburg, MD). 

Filter replicas of the human fetal liver library were hybridized to 
radioactively labeled canine MGDF N-terminal cDNA PCR product at 
64°C for 18 hr (5 x SSPE, 2 x Denhardfs, 0.05% sodium pyrophos- 
phate, 0.5% SDS, 100 ng/ml yeast tRNA tysate, and 100 ug/ml dena- 
tured salmon sperm DNA). Fitters were washed at 64°C in 5 x SSPE, 
0.5% SDS and exposed overnight. One done hybridizing to this probe 
contained a 1 .35 kb insert and was further analyzed. 

Expression of Human MGDF cDNA Clones 

Purified DNA from MGDF cDNA clones was transfected into 293 EBNA 
cells (Invitrogen, San Diego, CA). DNA (1.5 ug) was mixed wtth 7.5 
til lipofectamine (Life Technologies, Gaithersburg, MD) in 100 nl of 
serum-free DMEM. After a 20 min incubation at room temperature, the 
DNA-lipofectamine mixture was added to 5 x 10 s ceils/well (24-well 
square Greiner plates) In 400 \l\ of DMEM, 1% serum (Fetal Clone It) 
and incubated for 6 hr at 37°C; 500 \i\ of DMEM, 20% serum (Fetal 
Clone tl) was added to the cells. The medium was aspirated 16 hr 
later, and 500 ul of DMEM, 1 % serum (Fetal Clone II) was added. The 
conditioned media were collected 72 hr later and centrifuged through 
a 0.22 urn spin-filter. The conditioned media were assayed for MGDF 
biological activity. 
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